INTRODUCTION
Several recent studies have shown that the surfaces of environmental aerosols are enriched in a number of trace elements, some of which are known to be toxic. Jolly and coworkers (ref. 1) studied size-differentiated aerosols and found that S, Ca, Fe, Zn, Sn, and Pb are concentrated preferentially in the surfaces of the aircraft exhaust aerosols. Singh and coworkers (ref. 2) studied size-dependent composition of aerosols emitted from oil-fired heating plants and noted that Zn, Mo, Ag, and Pb have a tendency to concentrate preferentially in the smaller aerosols (i.e., exhibit preference for surface residence). Aerosols from municipal incinerators have been shown (ref. 3) to have an excess of K, S, Mn, and Ni in the aerosol surfaces. Aerosols emitted from coal-fired plants have been reported (ref. 4) to have surface enrichment in Cr, K, Mn, Na, Pb, S, T1, V, and Zn, but not in Al, Ca, Fe, Mg, Si, and Ti. More recent studies by Singh and Khandelwal (ref. 5) have shown that fly ash derived from combustion of eastern coal in a conventional power plant has a multimodal size distribution with d i f f e r e n t modes having d i f f e r e n t elemental compositions. These f i n d i n g s s u g g e s t t h a t d i f f e r e n t t y p e s of aerosols p r e s e n t i n power p l a n t emission are formed by q u i t e d i f f e r e n t processes. The excess of Fe, K, C a , and T i i n t h e 4.0-um s i z e group is a t t r i b u t a b l e to d e p o s i t i o n of v o l a t i l e compounds of t h e s e elements onto t h e s u r f a c e s of combustion aerosols as t h e temperature d e c r e a s e s up t h e exhaust stack. The excess of sulphur i n submicrometer aerosols w a s explained by heteromolecular n u c l e a t i o n such as 2 NH3 + H2SO4 + (NH4)2SO4 and n(H2O) + m(H2S04) +H2SO4 ( d i l u t e ) a t t h e s t a c k top. Keyser and coworkers ( r e f . 4 ) s t u d i e d a u t o exhaust aerosols and found t w o d i s t i n c t morphological forms. The f i r s t , i n v o l v i n g l a r g e r p a r t i c l e s , e x h i b i t e d an excess of Pb, B r , C l , and S a t t h e p a r t i c l e s u r f a c e s whereas t h e second form involved submicro meter s p h e r i c a l p a r t i c l e s composed e x c l u s i v e l y of Pb, B r , and C 1 . The homo geneous n a t u r e of smaller s p h e r i c a l p a r t i c l e s s u g g e s t s t h a t t h e i r formation o c c u r s by a n u c l e a t i o n p r o c e s s i n which PbBrCl condenses to form q u i t e pure molten d r o p l e t s when t h e temperature o u t s i d e t h e exhaust system f a l l s below t h e s a t u r a t i o n p o i n t . I t t h u s appears t h a t g a s -t o -p a r t i c l e phase conversion may p l a y an important role i n t h e formation of submicrometer aerosols i n high-temperature combustion sourcessuch as c o a l -f i r e d power p l a n t s and auto engine e x h a u s t s , Abrupt changes i n t h e temperature, p r e s s u r e , and r e l a t i v e humidity encountered o u t s i d e t h e combustion zone may f a c i l i t a t e homogeneous heteromolecular n u c l e a t i o n pro cess, even though t h e condensation of v o l a t i l e vapors on t h e e x i s t i n g aerosol s u r f a c e s is known t o be a s t r o n g competitor. However, l a r g e numbers of charged s p e c i e s present' i n t h e combustion exhaust may provide c e n t e r s of a t t r a c t i o n t o form aerosols through ion-induced heteromolecular n u c l e a t i o n process.
T h e o r e t i c a l c o n s i d e r a t i o n s ( r e f s . 6 t o 9 ) and l i m i t e d experimental results ( r e f s . 10, 11, and 1 2 ) a v a i l a b l e demonstrate t h a t u l t r a f i n e aerosols can be formed by heteromolecular n u c l e a t i o n under s u i t a b l e environmental c o n d i t i o n s . However, t h e s t r u c t u r e of t h e s e aerosols, whose s i z e a t t h e n u c l e a t i o n time is only of t h e order of a few angstroms, has not been s t u d i e d w e l l experimentally. I t is believed t h a t t h e molecular s t r u c t u r e of t h e s e u l t r a f i n e aerosols is a c r i t i c a l t e s t of t h e classical l i q u i d drop theory of n u c l e a t i o n p r o c e s s d i s cussed i n t h e s e c t i o n " T h e o r e t i c a l Background ,I1 I f w a s t h e r e f o r e decided t o simulate, i n a r e a c t i o n chamber, t h e r e l e v a n t environmental c o n d i t i o n s encountered i n a combustion exhaust and t o s t u d y t h e formation of u l t r a f i n e aerosols, using a quadrupole mass spectrometer. The f i r s t set of experiments involved gaseous H 2 0 and H2SO4 mixtures and an ioniz ing r a d i a t i o n source. The v a l u e s of r e l a t i v e humidity and r e l a t i v e a c i d i t y 2 i n t h e r e a c t i o n chamber were c o n t r o l l e d so a s to provide, f o r t h e most part, a s t a b l e region f o r t h e c l u s t e r formation. The r e s u l t s of t h e s e i n i t i a l experi ments are discussed i n t h i s paper.
-~ l I t is p o s s i b l e t h a t Coulomb f o r c e s may p l a y an important r o l e , due t o t h e polar n a t u r e of t h e molecular s p e c i e s involved i n many of t h e high-temperature combustion r e a c t i o n s , even i n t h e absence of i o n i c r e a c t a n t s . 2Relative a c i d i t y is d e f i n e d as t h e r a t i o of t h e ambient vapor p r e s s u r e to t h e s a t u r a t i o n vapor pressure of H2SO4, with t h e l a t t e r v a l u e s a t v a r i o u s temperatures having been taken from r e f e r e n c e s 1 3 and 14. The molecular interaction and subsequent aerosol formation in the reaction chamber can be described as follows:
The Gibbs f r e e energy AG of formation of l i q u i d embryos i n a b i n a r y g a s mixture i n t h e absence of any i o n i z a t i o n source is g i v e n by t h e following e q u a t i o n ( r e f . I t h a s been demonstrated i n r e f e r e n c e 9 t h a t t h e s u l p h a t e aerosols formed through t h e ion-induced n u c l e a t i o n process can be c l a s s i f i e d as s t a b l e , t r a n s i t o r y , or u n s t a b l e depending on t h e v a l u e s of PA and PB i n t h e r e a c t i o n chamber. S i n c e t h e stable aerosols are of t h e o r d e r of a few angstroms, t h e y c a n be detected with a mass spectrometer w i t h a h i g h degree o f accuracy and c o n s t i t u t e a c r i t i c a l test of t h e l i q u i d drop m o d e l of n u c l e a t i o n . Very l i t t l e e x p e r i mental work has been reported about t h e s i z e and composition of t h e s e s t a b l e u l t r a f i n e aerosol c l u s t e r s . Most of t h e reported s t u d i e s ( r e f s . 1 0 , 1 1 , and 1 2 ) d e a l w i t h t h e measurement of aerosol n u c l e a t i o n r a t e ( i . e . , t h e number of aero sols formed per u n i t volume per u n i t time). Some reported s t u d i e s have i n f e r r
e d t h e cluster s i z e s from t h e measured v a l u e s of t h e i r m o b i l i t y and do n o t attempt t o provide information about t h e composition of t h e c l u s t e r s ( r e f . 1 0 ) . A mass spectrometric measurement, on t h e o t h e r hand, should p r o v i d e information about t h e mass and composition of t h e c l u s t e r s formed i n ion-molecule and moleculemolecule c o l l i s i o n s .
I n practice, even i n t h e s t a b l e region, more than one type of c l u s t e r s w i l l be observed. However, t h e most probable type w i l l be t h e one f o r which t h e f r e e energy is a minimum. The p r o b a b i l i t y p of e x i s t e n c e of ion c l u s t e r s c o n t a i n ing NA molecules of t h e species A and NB molecules of species B is given by t h e following expression: i whereas the smaller section has a diameter of 3.81 cm (1.5 in.) and length of 10.16 cm (4.0 in.). The flexible metal section has a diameter of 3.81 cm ( 1 . 5 in.) and length of 10.16 cm ( 4 . 0 in.).
The free end of the metal section is connected to the mass spectrometer by a 25-pm-diameter collimator. The source region is located at the end of the flexible metal section nearest to the colli mator separating the reaction chamber from the mass spectrometer. With this experimental arrsngement, the pressure in the mass spectrometer was ~l 0-5 torr (a rather high value for the mass spectrometer). (1 torr = 1.3 x lo2 Pa.) How ever, it was necessary to use a pressure 250 torr in the reaction chamber to produce a sufficient number of positive ions for initiating nucleation. A 3 mCi Ni63 beta source was used to produce positive ions in front of the colli m a t~r .~(1 Ci = 3.7 x 1O1O Bq.) The primary ionization products in the source region would be N2+ and the ions of the trace components (H20 and H2SO4). How ever, given sufficient time to react, the terminal positive ions would almost entirely be of the form H+=(HzO)~where N can vary from zero to a larger number, although some (N2IN and H+*(H20)*(N2), may also be observed (refs. 19, 20, and 21) . It is the dominant H+*(H20)N ions that are believed to nucleate almost all of the (H2S04)NA*(H20) -H+ microclusters in the source NB region. The microclusters formed have to travel a distance of approximately 2 mm outside the source region before entering the mass spectrometer region. The mean free path for N2 molecules in the reaction chamber at a pressure of 1/3 atm (1 atm = 1.013 x lo5 Pa) is of the order of mm, resulting in a large number of collisions between N2 molecules and the microclusters outside the source region, before they leave the reaction chamber. There may be addi tional collisions as the carrier gas and the microclusters expand into the mass spectrometer vacuum. Some of these collisions may lead to a modification of the primary clusters, i.e., some clusters may increase or decrease in mass depending on the nature of the colliding partners. However, collisions between primary microclusters are less likely than collisions between the carrier gas molecules and the primary microclusters. The latter collisions can only cause fractionation of the primary clusters. Thus, the experimentally observed cluster spectrum may contain a larger number of smaller clusters than the primary cluster spectrum produced in the source region. The microclusters were detected using a Cu-Be electron multiplier and a picoammeter. Because of the presence of H2SO4 in the nucleation clusters, the electron multiplier had to be replaced frequentlyusually after a continuous use for a period of approxi mately 1 month. The spectrometer was calibrated using SF6 and perfluorotribu tylamine test gases.
The room temperature and the temperature, pressure, and relative humidity in the reaction chamber were monitored continuously during the measurements. A conventional dewpoint hygrometer was used to measure the moisture content in , -. ,
3The choice of the Ni63 source was dictated by its low beta end-point energy and its ability to withstand the high temperature needed to bake out the reaction chamber.
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the reaction chamber. There have been some reports (ref. 22 and refs. cited therein) indicating that the performance of a dewpoint hygrometer is-afunction of the H2SO4 vapor content of the environment. No definitive evidence of water dewpoint dependence on the rather low H2SO4 content of the gas mixture in the reaction chamber was found in the present study. The calculated values of R.H. in the reaction chamber were always higher than the measured values. This was interpreted to .imply that the carrier gas bubbling through H20 did not become saturated at the flow rate used in this study. It was therefore decided to use the measured value of the moisture content, rather than the calculated values which are based on the assumption that the carrier gas after bubbling through a water column would be saturated with moisture. On the other hand, the cal culated values of H2SO4 concentration were found to be in reasonable agreement with the measured values based on a BaC12 + H2SO4 -+ Bas04 + 2 HCl pH test.
Hence, it was decided to use the calculated values of H2SO4 vapor concentration, particularly since there is no quick and simple way of measuring H2SO4 concen tration in the reaction ~hamber.~ Figure 2 shows a typical cluster mass spectrum. The values of R.A. and R.H. in the reaction chamber were 0.0018 percent and 1.6 percent, respectively. Several clusters of the type (H2SO4) '(H20)NB*H+ with NA = 1 to 6 and NA NB = 1 to 15 are present in the spectrum. No cluster spectrum was observed when the Ni63 radiation source was shielded from the reaction chamber. This result clearly shows that the nucleation rate is strongly influenced by the ions produced by the radioactive beta source. In general, the increasing acidity of the reaction chamber gas mixture tends to increase the intensity of the clusters with a larger number of H2S04 molecules in them, whereas the increasing humidity tends to increase the H20 content of the molecular clusters.
COMPARISON WITH THEORY
Typical comparison between the theory and the experiment is exemplified by a discussion of the results shown in figure 2. The clusters observed in 41t should perhaps be noted that the carrier gas bubbling rate through H2SO4 was very low ( [ ml/min), thus providing ample time for saturation. On the other hand, the carrier gas bubbling rate through the water column was higher (5100 ml/min), thereby allowing insufficient time for saturation. t h i s f i g u r e f a l l i n t h e f o l l o w i n g broad groups i n descending o r d e r of i n t e n s i t y ( t h e f i r s t number w i t h i n t h e b r a c k e t s r e p r e s e n t s t h e number of H2SO4 molecules, t h e second number represents t h e number of H 2 0 molecules, and t h e t h i r d number r e p r e s e n t s t h e H+ ion i n t h e c l u s t e r ) :
Group 1 (5,x,1) Group 4 ( 4 , x , 1 )
Group 3 (2,x,1) Group 6 ( 6 , x t l )
The experimental c l u s t e r s i z e spectrum i s summarized i n t a b l e I I ( a ) .
The c a l c u l a t e d c l u s t e r groups under t h e same environmental c o n d i t i o n s , i n descending o r d e r of i n t e n s i t y , are as follows:
The c a l c u l a t e d c l u s t e r s i z e s p e c t r u m is summarized i n t a b l e I1 (b) . Table I11 c l e a r l y shows t h a t i n c r e a s i n g t h e e f f e c t i v e charge i n t h e c l u s t e r s i n c r e a s e s t h e cluster s i z e , i . e . , t h e number of H2SO4 and H20 molecules i n t h e cluster goes up with t h e i n c r e a s i n g cluster c h a r g e . S i m i l a r l y , t h e d e c r e a s i n g v a l u e of t h e surface t e n s i o n l e a d s t o an i n c r e a s i n g cluster s i z e , whereas an i n c r e a s e i n t h e s u r f a c e t e n s i o n value reduces t h e c l u s t e r s i z e ( t a b l e I V ) , A s seen from t a b l e s V to V I I , combining t h e higher v a l u e of t h e e f f e c t i v e charge with t h e lower v a l u e of t h e s u r f a c e t e n s i o n p r e d i c t s l a r g e c l u s t e r s of t h e t y p e s ( 5 r x r 1 ) 1 ( 6 1~, 1 ) , ( 7 , x , l ) , and ( 8 , x , 1 ) , Except f o r c e r t a i n smaller members of ( 5 , x , l ) and ( 6 , x , l ) groups, .-,.. , . . . . . . , . . , . I -,   1 1 1 1 . 1 1 
(b) The electrostatic term f o r t h e d i s t r i b u t e d c h a r g e s i n t h e cluster may be inadequate. C a l c u l a t i o n s assume t h e c l u s t e r to be a s p h e r i c a l d r o p with a u n i t charge. However, t h e cluster, most l i k e l y , is n o t s p h e r i c a l and t h e electrostatic term i n t h e e x p r e s s i o n for Gibbs f r e e energy d o e s n o t t a k e account of t h e f a c t t h a t t h e H20 molecule has a permanent dipole moment and t h e H2SO4 molecule has a h i g h v a l u e of electrical p o l a r i z a b i l i t y . The c a l c u l a t i o n s t h u s underestimate t h e electrostatic e f f e c t s and hence t h e c l u s t e r s i z e . (c) B e c a u s e of r a t h e r h i g h p r e s s u r e i n t h e r e a c t i o n chamber, m u l t i p l e c o l l i s i o n s i n v o l v i n g primary c l u s t e r s after l e a v i n g t h e s o u r c e region may l e a d to l a r g e r secondary clusters. However, as h a s been d i s c u s s e d e a r l i e r , colli s i o n s between primary clusters are less l i k e l y than c o l l i s i o n s between t h e carrier g a s (N2) molecules and t h e primary c l u s t e r s . The l a t t e r c o l l i s i o n s c a n o n l y cause f r a c t i o n a t i o n of primary c l u s t e r s y i e l d i n g y e t smaller s i z e s . I t would t h u s appear t h a t t h e causes of discrepancy between t h e t h e o r y and t h e experiment l i e i n f a c t o r s (a) and (b). I t should, of c o u r s e , be p o i n t e d o u t t h a t n e i t h e r c o a l e s e n c e nor f r a c t i o n a t i o n e f f e c t s have been included i n t h e t h e o r e t i c a l c a l c u l a t i o n s .

most of t h e s e c l u s t e r s f a l l o u t s i d e t h e mass range of t h e d e t e c t i o n system used. However, s e c o n d a r i e s produced by t h e f r a c t i o n a t i o n of a l l t h e c l u s t e r s p r e d i c t e d would be d e t e c t e d i f t h e i r mass f a l l s i n t h e e x p e r i m e n t a l l y d e t e c t a b l e range. Thus, it is q u i t e p o s s i b l e t h a t t h e e x p e r i m e n t a l l y observed c l u s t e r spectrum summarized i n t a b l e I I ( a ) is n o t i n c o n s i s t e n t with t h e p r e d i c t i o n of t h e modifed classical n u c l e a t i o n theory
I
From these comparisons, it can be concluded that more appropriate values of (5 and Q in equation (5) may lead to much larger nucleation clusters, in agreement with those observed experimentally. It should, of course, be remem bered that the experimental cluster spectrum is complicated by the fact that the collision between the primary clusters and the carrier gas molecules may result in the breakup of some of the clusters providing smaller secondary clusters. Thus it would be necessary to incorporate these collision-induced fractionation effects in the calculated spectra before a direct comparison with the experiment can be made.
CONCLUDING REMARKS
A detailed study of ion-induced nucleation in binary mixtures of H20 and H2SO4 gases has been conducted. There is strong experimental evidence that the presence of positive ions in the mixture accelerates the nucleation process greatly. The presence of clusters formed by H'(H20) ion attaching itself to H2SO4 and H20 molecules was first detected by Bricard and coworkers with mobil ity measurement technique. The present study is probably the first direct detection of (H2S04)NA-( H Z O )~~-H + ions with a mass spectrometer. A determina tion of the cluster mass provides direct information about its composition, which is believed to be a critical test of the liquid drop model of nucleation.
On the basis of the experimental results discussed in this paper, the following broad conclusions can be drawn about the classical theory of ion-induced nucle ation in H20 and H2SO4 binary mixtures:
(1) The macroscopic surface tension value for the (H2SO4 + H20) liquid is not appropriate for the (H2S04)NA*fH20) NB * H + nucleation clusters. This, of course, is not surprising in view of the very small size of the nucleation clusters,
(2) The effective charge on the (H2S04)NAv (H20) NB *H+ clusters is not the unit positive charge carried by the H+ or (H3O)' ion. Experimental data indicate a value closer to two units of charge, suggesting the importance of dipole moments of H20 and H2SO4 (induced) molecules. Perhaps a more accurate treatment of elec trostatic potential would include the effects of distributed charges in the cluster. Calculations based on modified values of surface tension and the cluster charge do indicate the importance of these factors in determining the nucleation cluster spectrum.
(3) The necessity of maintaining high pressure (750 torr) in the reaction chamber introduces complications caused by multiple collisions involving the clusters and the carrier gas molecules. These complications include fraction ation as well as coalescence of the primary clusters, leading to secondary clusters of quite different sizes. The calculated cluster spectra must there I I I I I I I I I I I I I I Il l m 1 1 1 1 1Il l1 l l l 1 1 l l 1 l l l fore include the fractionation/coalescence effects before they can be compared with the experimental cluster spectra. I I I I l l 1II I 1l l l 11 I I I I I I I " l 1 1 1 1 1 1 1 1 l l 1 1 1 1 l l l l 1 1 1 1 aThe calculated values are based on the following assumptions:
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Effective cluster charge Q = le. -aMost of the clusters predicted are outside the mass range of the detection system used. Only a few members of (5,x,1) and (6,x,l) cluster groups would be detected. However, secondaries produced by the fractionation of all the cluster groups predicted will be detected if their mass falls in the detectable range of the present system, 50 to 780 m u . 21 
Abstract
Molecular c l u s t e r s formed i n p u r e n i t r o g e n c o n t a i n i n g H20 and H2SO4 v a p o r s and exposed to a 3-mCi N i 6 3 b e t a s o u r c e have been s t u d i e d i n t h e mass range 50 t o 780 amu u s i n g a quadrupole mass spectrometer. Measurements were made under s e v e r a l combinations of r e l a t i v e humidity and r e l a t i v e a c i d i t y r a n g i n g from 0 . 7 to 7 . 5 p e r c e n t and 0.00047 to 0.06333 p e r c e n t , r e s p e c t i v e l y . The number of H2SO4 molecules i n t h e c l u s t e r s observed ranged from 1 t o 7 whereas t h e number o f H20 molecules ranged from 1 to 1 6 . The e x p e r i m e n t a l c l u s t e r spectra 
